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Diseases. Present address: Geisinger Memorial Hospital, Danville, Pa. bution in various disease states. In the present work, results are reported from 20 studies lasting 28 days each in 13 healthy young males, utilizing a specially prepared I131-albumin. The data have been scrutinized as to compatibility with a number of differing models describing distribution and degradation in the body. The results have bearing on three important aspects of studies of this kind: 1) the question of biological homogeneity of the labeled material; 2) the question of the presence of irreversible trapping of iodine in the body; and 3) the question of reproducibility and variation of the estimates in the normal male.
METHODS

Subjects
The subjects were 13 carefully selected white male students between the ages of 21 and 32. None had a history of metabolic disease, jaundice, or recent illness. They were not obese, nor did they have any significant abnormalities upon physical examination. Body weights, taken weekly, were constant during the study. Initial hematocrit (Wintrobe), urinary protein (sulfosalicylic acid), stool occult blood (guaiac), free electrophoresis of serum proteins, serum total protein (micro-Kjeldahl), serum albumin (based upon free electrophoretic analysis), sulfobromophthalein (BSP) excretion, and thymol turbidity determinations were normal for each. All but the BSP and thymol turbidity tests were repeated midway and at the end of each study, and showed no significant variation from the initial values. Each subj ect took orally 10 drops of a saturated solution of potassium iodide twice daily throughout the study to minimize thyroidal uptake of P131. closely approximate the position of the peak of albumin concentration, the maximum difference in migration being 6 mm after migration of 75 cm in 18 hours ( Figure  2 ). A minute hump of unknown significance appeared on the trailing edge of the albumin peak in the free electrophoretic pattern after radioiodination ( Figure 3 ).
The peak of P`1-albumin concentration occurred one or two fractions later than that of the unlabeled albumin during elution from the DEAE cellulose column, indicating minimal alteration during the iodination ( Figure 1 , top graph), and slight nonhomogeneity of labeling.
Isotope administration, sample collection, and counting
After preparation of appropriate radioactivity standards, a weighed amount of I31-albumin-saline solution, containing from 75 to 150 ,uc and less than 100 mg of albumin, was injected rapidly through a 25 gauge needle into an antecubital vein.
After the determination of plasma volume, described later, blood samples of 8 ml were drawn at approximately 12-hour intervals during the first 5 days, then daily untii the fourth week, after which samples were drawn on alternate days for the remainder of the 28-day study period. The blood was transferred to glass tubes containing dry heparin, mixed, and centrifuged. Duplicate Middle: elution pattern of one representative preparation of radioiodinated albumin, showing the position of radioactivity relative to the position of protein. Bottom: elution pattern of specific activity of radioiodinated albumin, calculated from the middle figure.
method 6 (18) , in which heat treatment was specifically avoided. By ultracentrifugation and free electrophoresis, the unlabeled albumin was found to be homogeneous. After diethylaminoethyl (DEAE) cellulose column chromatography,2 this unlabeled protein appeared indistinguishable from albumin of normal whole serum ( Figure  1 ). The albumin was radioiodinated 3 5 days prior to administration by a modification of the T-4 method described by Steinfeld and associates (19) . The final product contained 125 /Ac per ml (2.5 /Ac per mg), with a ratio of 1 atom of iodine to 5 molecules of albumin (molecular weight 65,000). By dialysis and chromatographic methods, more than 98 per cent of the radioactivity was shown to be bound to protein. Paper electrophoretic analysis showed the peak of radioactivity to 2 Kindly conducted by Dr. John L. Fahey of the National Cancer Institute. 3 Abbott Laboratories. 1-ml aliquots of plasma were transferred to 4-ml glass counting vials (Kimble 60910-L). The total amount of urine excreted during each interval was collected, measured, and mixed separately, and duplicate 4-ml aliquots were pipetted into the counting vials. Daily 24-hour creatinine excretion was determined as a measure of the completeness of urine collection. All samples were counted with an error of less than 5 per cent by a Nuclear-Chicago scintillation detector (model DS-3), recording through a Tracerlab Auto- . To correct for differences in counting geometry between the 1 -ml plasma and 4-ml urine volumes, the urinary radioactivity was multiplied by a determined factor of 1.085.
Plasma volume measurement
The plasma volume was determined at the beginning of each study by the isotope dilution technique. After isotope administration, 12 minutes were allowed for rapid mixing, then 5 blood samples were drawn without stasis at exactly timed intervals of about 5 minutes each. The radioactivity per milliliter of plasma was plotted upon semilogarithmic graph paper as a function of time. Using the law of least squares, a straight line was fitted to these points and the extrapolated intercept value at zero time determined. The radioactivity per milliliter at zero time, thus determined, was then divided into the administered radioactivity to obtain the plasma volume.
Corrections for sampling
Deficits of radioactivity created by plasma sampling result in a spuriously rapid fall in plasma radioactivity if no correction for this artificial loss is made. Accordingly, each plasma radioactivity value was appropriately corrected subsequent to the plasma volume determination. (SUBJECT 8) . Plasma and urine radioactivity are observed data; extravascular and total body radioactivity are calculated.
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This sampling deficit was ultimately shared by the total volume of I'31-albumin distribution. Therefore, the amount of radioactivity in each sample was divided by 2.5 times the plasma volume, an approximate theoretical total volume of distribution, assuming a uniform concentration of albumin extravascularly equal to that in the plasma. This gave an approximation of the radioactivity deficit per milliliter of plasma. Had the I3'-albumin removed in samples remained in the body, it would have been catabolized at the same rate as the I13"-albumin not removed. Therefore, each deficit was finally decreased exponentially at the rate observed for the first approximation of the catabolic portion of the uncorrected plasma activity curve. Samples taken for the plasma volume determination were not corrected in this manner because the time span over which these were drawn was too short for the effect of distribution and catabolism to appear. Since from 7 to 16 per cent of the plasma radioactivity was excreted daily in the urine, urinary radioactivity levels were corrected for the effect of plasma sampling by the addition of an arbitrary value of 10 per cent of the total plasma deficit to the appropriate urine radioactivity value. A mean maximum deficit of 3 per cent (range, 2 to 7 per cent) of the corrected value justified the necessity for these corrections (see Appendix).
Analysis of data
Plasma radioactivity was plotted as a function of time upon semilogarithmic graph paper. A single exponential began to emerge near the end of the first week. A straight line was statistically fitted (law of least squares) to this portion of the curve, and extrapolated to zero time ( Figure 4 ). The plasma radioactivity values of the extrapolated line (exponential 1, Figure 5 ) were then subtracted graphically from the plasma radioactivity values of the initial nonlinear portion of the curve, and the differences used to construct a second curve (exponential 2). Since this derived curve was nonlinear in its initial portion, the process of extrapolation and graphical subtraction was repeated on this first derived curve to obtain a second derived curve (exponential 3), which in each instance appeared linear. In all studies, the plasma radioactivity curves could be thus reduced to a minimum of three exponential components.
Urinary radioactivity values for each of the 24-or 48-hour collection intervals were plotted in the middle of the respective interval ( Figure 4 ). Extravascular radioactivity was calculated for each interval from the equation: administered radioactivity -(cumulative urinary activity + total plasma activity) = extravascular radioactivity (Figure 4) .
Total body radioactivity was represented as the sum of the plasma and extravascular radioactivity (Figure 4 ).
Urinary excretion rates were plotted upon linear graph paper, expressing daily urinary radioactivity as per cent of: 1) total plasma activity, 2) extravascular activity, 3) total body activity, and 4) total administered radioactivity ( Figure 6 ). The nonlinear portion of the plasma curve (top) has been reduced to its constituent exponentials-1, 2, and 3. Open circles represent actual data points; other points were graphically derived.-Cumulative urinary excretion was examined for reflections of prolonged bodily iodide trapping by the mathematical approach of Lewallen, Berman and Rall (20) . For each study, the per cent of administered dose excreted in the urine for each day was plotted semilogarithmically against time. The points of the data between days 10.5 and 27 fell upon a reasonably straight line, fitted to the points by freehand. The slope of this urinary curve was then determined, and the fraction of the administered dose accumulated in the urine at infinite time calculated. This was done by substituting into the equation of Lewallen and associates (20) the cumulative urinary excretion data for each day ( Figure 12 and Table  II ). It was assumed that the slope of this "terminal" urinary curve was the terminal slope in each case; since observations were not continued beyond day 28, the validity of this assumption was not tested.
Albumin catabolic rates were calculated in three ways: 1) as the product of the final slope of the plasma radioactivity curve (0.693/ti) and total albumin mass (grams); 2) as the product of the urinary radioactivity excretion rate on day 20 and the plasma albumin mass; 3) as the product of the albumin mass of the assumed degradation compartment and the corresponding constant defining the rate of degradation. (Figure 4) . The extravascular activity at zero time is taken to be the difference between the administered activity and the total plasma activity at zero time. Provided that the distribution of radioactivity is identical to the distribution of albumin, the EV-IV radioactivity is proportional to the EV-IV albumin mass distribution ratio.
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II. The equilibrium time method, as proposed by Campbell and associates (21) and McFarlane (8) , derives the EV-IV albumin mass ratio from the corresponding radioactivity values at the time when the calculated content of radioactivity in the extravascular compartment is maximal (Figure 7 ). At this "equilibrium time," the specific activities of the albumin of both intra-and extravascular compartments are identical, and the rate of change of the plasma albumin specific activity is equal to the urinary excretion rate, the net transfer into and method assumes that the plasma and degrading compartments have the same specific activity. As employed by Campbell and co-workers, the method assumes the presence of a two-compartment system. IV. Multicompartmental analysis, adapted to albumin studies by Matthews (7) and by Lewallen and associates (20) , entails fitting the experimental data to a biologically plausible multicompartmental system of the appropriate number of spaces. The plasma radioactivity data could in each case be described as the sum of three exponential terms, as was also found in the studies of others (2, 9, 10, 22) . These data are therefore compatible with an open system consisting of three compartments. For reasons to be discussed, it was assumed that entry of newly synthesized albumin occurs only into the plasma compartment. The partially restricted three-compartment system thus obtained is shown in Figure 8 . In this figure additional compartments representing the bodily pool for iodide and iodinated tyrosine residues, and the urinary excretion pool have been included. This basic reference system was then modified into different, more specific models by setting the value of various of the flow rate constants equal to zero. The resulting models 1 through 5B ( Figure 9 ) were analyzed by using the plasma radioactivity data according to the method of Skinner, Clark, Baker and Shipley (23) . In this manner, values for the rate constants for each model were obtained, as well as a value for the rate of synthesis. By using the relations 4 and
dT a cumulative urinary excretion curve was generated for each model. These calculations were performed with a digital computer (IBM model 709). These generated curves were then compared with the experimentally determined curves. The value of rate constant X., was mental data in terms of models 6 through 11 ( Figure 9 ). Curves which were the output of the computer were compared to the experimental curves. for a specific model were varied until the actual plasma data curve matched the curve from the computer representing the plasma compartment. Then the computer curve representing the urine compartment was compared to the actual urine data curve. An inspection of the other extravascular compartments of the specific model being tested was also accomplished by means of the computer curves for the respective compartments.
The plausible model 6 recommended by Matthews (7), because of the emphasis placed upon it and detailed work conducted with it by others (7, 9, 15) , was selected for calculations not only of the size and rates of exchange of the principal albumin compartments for all subjects but also for a detailed statistical comparison of the calculated EV-IV mass ratio with such ratios obtained from methods I, II, and III. Except for omission of an iodide-delay excretion pool, this model is identical with model 4. The algebraic methods for making these detailed calculations on model 6 have been well described (7) .
RESULTS
The principal experimental data for the 20 studies conducted in 13 normal subjects are summarized in Table I . The observed cumulative urinary excretion of I'3l is shown in Figure 10 .
The variation of the mean urine/plasma (U/P) ratio for all subjects with respect to time is shown in Figure 11 . In the construction of this curve, all values on day 0.5 were first normalized to 10.0. The equation of regression is Y = -0.0659 x + 12.83; the error of the slope is 0.020.
The urinary excretion data were examined for evidence of nonurinary excretion or bodily losses, according to the method of Lewallen and colleagues (20) . Because of the slight negative slope of the plotted mean U/P values (Figure 11 ), an overestimate of the urinary accumulation would have resulted if the final slopes of the plasma radioactivity curve had been used; to avoid this error, values for the final slope (after day 10) of the urinary curve were substituted for each subject. The results are shown in Table II and in Figure  12 . The fraction of the administered dose of I13l accumulated in the urine at infinite time gave values consistently near 1.0.
A comparison of the proportion of the body's albumin in intravascular and extravascular compartments (EV-IV ratio) is presented for all mathematical approaches (Table III and Figure  13 ). Extravascular albumin comprised from 55 to 64 per cent of the body's total albumin mass, according to mean values obtained from each of the four methods of calculation.
The relationship between the catabolic rate and body weight, as calculated from all models, is presented in Figure 14 .
Finally, mean flow rates and pool sizes were calculated in terms of grams of albumin for models 1
through 5B of Figure 9 , to provide representative examples of the arrangement of the body's albumin mass in several possible systems of distribution ( Figure 15 ). Although the use of the actual urinary data is not required in these algebraic calculations for ascertaining the size of the principal extravascular compartmental albumin masses and the catabolic rate, the suitability of a chosen physical model must be evaluated by comparing the theoretically derived urinary excretion curve throughout the entire experimental period with the actual urinary radioactivity data. This is especially necessary since one cannot directly sample the extravascular compartments, and the plasma data alone are compatible with all models depicted in Figure 9 . The generated urinary excretion curves for models 1 through 5B (Figure 9 ) are shown in Figure 10 .
By means of the electronic analog computer, a comparison of the observed urinary data with the theoretical values derived from fitting the experimental plasma data to models 6 through 11 of Figure 9 was pursued for representative subj ect 8. Only very general conclusions concerning the best fit of the urinary data could be drawn. Of the six models investigated, models 6 and 9 gave the best fit of both plasma and urinary data. Model 8 seemed to give the least satisfactory fit of both curves. It was readily apparent that model 6 did not represent a unique system for the data., and that the experimental results could reasonably fit also several of the other physical models explored.
Statistical analysis of EV-IV mass ratios. In spite of the inability to select a unique multicompartmental model to fit the experimental data, methods of statistical treatment for comparing values for the EV-IV mass ratios, as obtained by the four general mathematical approaches, were explored. As representative values for method IV (the multicompartmental analysis), the results of the algebraic calculations for model 6 of Figure 9 (shown in Table III) were employed. It was desired to make some statistical statements about the relationships of the four methods with respect to average values, variability, correlations, and, if possible, reproducibility in the same subjects at different times.
The data consist of the EV-IV mass ratios computed by each of four general mathematical methods for 13 subjects. For seven of the subjects a second observation was made several months after the first. Thus, there were 20 sets of ratios, of which seven sets were "duplicates."
The first problem that required statistical treatment was the appearance of some unusual values for certain subjects (Table I) . For this purpose, the measurements were divided into two series: the A series consisted of those data obtained during the first experiment upon each subject; dataresulting from a second observation upon a subject comprised the B series. Six of the 13 subjects were studied only once, hence their values appear only in the A series.
In the first (A) series of measurements Subject 6A had the highest ratio by all four methods. This subject's ratios appeared unusually high for all but the equilibrium time method. A test for outlying values, using Dixon's ratio criterion r91 (25) , rejects this subject's value at the 5 per cent 12B is known to have been exposed to possible additional error of measurement due to difficulty encountered in the administration of the labeled albumin. 6 A retrospective search for possible causes of coarse errors in the suspected measurements of Subjects 4B and 6A suggests that the determinations of plasma volume were in error. Determinations of plasma volume made for a third time agreed closely with the higher value previously obtained for each subject. However, these discrepancies were not statistically significant when tested by the rejection criteria used for the EV-IV mass ratios.
For purposes of describing the relationships among the four methods, the means, variances, and covariances were computed for single values of the 13 subjects. The suspected values of Subjects 4B, 6A, and 12B were excluded from this analysis. One of the duplicate values was selected at random for the remaining four subjects who had two sets of measurements; these data were from studies lA, 2B, 10A, and liB. A statistical analysis was undertaken to answer the following questions based upon single values for the 13 normal subjects.
1. Are the extrapolation, equilibrium time, and distribution ratio methods "parallel," and are they symmetrically related to the multicompartmental analysis method in the sense that: a) they exhibit the same variability from subject to subject; b) the correlation between any two of the first three methods is the same, and c) the correlations between the multicompartmental analysis method and each of the other three methods are equal; d) the three first methods yield equal mean values?
2. If the answer to question 1 is "no," then are the first three methods symmetrically related to the multicompartmental analysis method in the sense that: a) they exhibit the same variability from subject to subject, b) the correlation between any two of the first three methods is the same, and c) the correlations between the multicompartmental analysis method and each of the other three methods are equal?
3. Irrespective of the mean value for the multicompartmental analysis method, do the other three methods have equal mean values? 6 It was necessary to calculate the administered radioactivity indirectly from the determined plasma volume. figure (s2) is the estimated variance, and the lower figure (s) is the estimated standard deviation for the method corresponding to the row and column headings. Each entry above the diagonal is an estimated covariance (Cov) for the two methods indicated by the row and column headings. The corresponding entries below the diagonal are estimated correlation coefficients (r).
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The logical hierarchy of these three questions implies that, if the answer to question 1 is "yes," then the answers to questions 2 and 3 must also be "yes." If the answer to question 1 is "no," the asymmetry may be due to differences in variability and correlations, or due to different mean values, or both. If the asymmetry is due only to differences in variability and correlations, the answer to question 2 is "no." If, however, the answer to question 2 is "yes," then the asymmetry is interpreted as due only to differences in mean values, and the answer to question 3 should be "no."
The tests of statistical hypotheses which were used to answer these questions are likelihood-ratio tests developed by Votaw and his associates, Kimball and Rafferty (27, 28) , in which the variability of the EV-IV mass ratios obtained by a given method is measured as the variance, and the correlations are measured as covariances. The estimated means, variances, and covariances for the four methods are given in Table IV. The pattern of symmetry to be tested is indicated by the double lines which set off the rows and columns of Table IV is due largely to the relatively small variances and covariances associated with the equilibrium time method. This finding is not necessarily a desirable feature of the equilibrium time method, since it may result from the relative crudeness of the method and simply reflect a lack of sensitivity to physiological differences among the subjects. If one prefers to apply the significance tests at the 1 per cent level, then question 1 is still answered "no," but question 2 is answered "yes." In this case, question 3 can be answered "no," attributing the asymmetry to differences among the mean values for the three methods.
In any event, the data for the 13 subjects of this study present evidence of differences in the performance of the four methods for determining the EV-IV mass ratios. The practical importance of these differences and the implications for further study depend, of course, on the use to which the methods may be put. For example, if it were desired to calibrate one of the simpler methods for use in place of the multicompartmental method, something should be learned about the functional relationships among the apparently different phenomena which the various methods are measuring. The scatter diagrams ( Figure 16) Figure 13 provided a brief appraisal of the relation of the means of the EV-IV mass ratios from the four mathematical methods, and also indicate the relative range of individual values within each of the four methods. The relationships indicated must be considered as holding only for I131-albumin preparations of the type employed in these studies, and for normal male adult subjects only; the relationships would be especially likely to be quite different in abnormal pathological states exhibiting abnormal metabolism and distribution of albumin. In addition to these general assumptions, more specific requirements must be met to allow detailed mathematical analysis. These more specific assumptions will be commented upon in the following section.
Each of the three general assumptions can be partially justified for the experiments herein presented, as follows. Assumption 1. Major efforts were taken to prevent denaturation of the albumin during preparation and labeling. Cohn fractionation was chosen as the method for isolating the albumin because it yields a homogeneous product that has been demonstrated to be biologically acceptable (2) . The chromatographic behavior of ethanol-precipitated albumin has been found similar to that of albumin prepared by Porath column separation (33), a method which consistently yields albumin of excellent physiological properties (7, 8, 11, 15, 16, 21) . Because of its possible denaturing effect (34) (35) (36) , heat treatment after separation of the albumin was specifically avoided. The albumin was lightly iodinated by the best method available to this laboratory, and the levels of radiation to which the albumin was exposed were well below those known to cause radiation damage to protein (33, 37, 38) . Both testing by physicochemical methods and appraisal of in vivo behavior were used to assess the degree to which isolation and iodination had denatured the albumin. Dialysis, electrophoresis, ultracentrifugation, and DEAE cellulose column chromatography gave evidence of an excellent product from the physicochemical standpoint. Variation in specific activity of the albumin eluted from the DEAE column suggested, however, that all molecules were not equally labeled ( Figure 1 ). Literal interpretation of those data is, however, prevented by the fact that immediately after radioiodination, the labeled albumin was diluted with nonlabeled carrier albumin of a different lot (prepared by the same fractionation method but heat treated).
The indices of in vivo behavior employed in these studies were the apparent biological half-life of albumin, determined from the plasma radioactivity curve, and its catabolic rate as reflected by urinary excretion of radioactivity. After "distribution equilibrium," the random destruction of labeled albumin is manifested by a gradual exponential decline in plasma activity. This decline, however, does not precisely reflect albumin catabolism because continuous re-entry of albumin of higher specific activity from extravascular compartments constantly diminishes the negative slope of the plasma activity curve (8, 9, 16, 21) . Thus the biological half-life reflects not only degradation, but also, to a lesser extent, distribution. Pearson, Vetter and Veall (39) have described a method for deriving the half-life independent of the effect of distribution. Although theoretically sound, the method incorporates the hazard of determining a rate constant for urinary excretion early in the study when it is most apt to be spuriously high. If the early rate of 1131 excretion is not increased due to rapid catabolism of denatured I'31-albumin, and the initial portion of the plasma activity curve is sufficiently accurate, this method would have merit. The mean biological half-life of 14.8 days observed in the subjects of the present studies, although acceptable as reflecting a reasonably good radioalbumin preparation, nevertheless is shorter than some half-lives recently reported in normal subjects by other investigators (2, 3, 6, 9-16, 40) (individual half-lives of 14 to 25.0 days).
The degree of urinary excretion of the radioalbumin label during the first few days after intravenous administration provides an index of biological denaturation. Our subjects excreted from 5.37 to 9.28 per cent of the injected radioactivity within the first 24 hours and from 4.26 to 8.23 per cent the second day (Table I) . Berson, Yalow, Schreiber and Post (2) reported that 4.3 and 3.5 per cent were excreted during the first and second days, respectively, in one normal subject, and from 3 to 4.5 per cent has been found to be ex-I'n-ALBUMIN CATABOLISM AND DISTRIBUTION IN NORMAL MALES creted during the first day by those testing McFarlane's product (5, 9, 16, 41) . Steinfeld and colleagues (19) found that from 9 to 19 per cent of the administered radioactivity was excreted within the first 48 hours after administration of their best material.
Once initial bodily equilibrium of the injected radioalbumin has been established, the urinary excretory rate can be derived in terms of urinary activity, expressed as a fraction of plasma activity, extravascular activity, or total body activity. Such expressions are correct only if albumin is catabolized in the compartment designated in the denominator of the fraction. Since iodide'3' distribution is rapid (42) , and urinary excretion is prompt, urinary radioactivity can be expected to parallel closely the radioactivity level in the compartment in which I131-albumin degradation occurs. Although there is evidence that the site of albumin synthesis is contiguous, or in rapid exchange, with the plasma space (43), the principal sites of degradation have not been determined. Evidence of different types has been presented to implicate variously the liver, kidney, or gastrointestinal lumen (44-52) as major sites of albumin catabolism. However, it is now known that the catabolic sites of radioiodinated albumin are partially determined by the degree of biological denaturation during preparation (35, 47) .
Since the urinary radioactivity curves of the present studies most closely paralleled the respective plasma radioactivity curves (Figure 6 ), it appears that catabolism of the particular radioalbumin preparation used herein did indeed occur at a site contiguous, or in very rapid I131 exchange, with the plasma compartment; other workers have made similar conclusions (8, 20, 21) . With this decision, a constant daily per cent urinary excretion of the plasma radioactivity should occur if the general assumptions 2 and 3 hold. Were these terms completely valid, one very reasonable explanation for a progressive decrease in U/P values is biological nonhomogeneity. The mean U/P values for all subjects (Figure 11 ) did show a definite slight decrease with respect to time. These points are further discussed in a later section.
From all of this evidence it is concluded that, despite physicochemical excellence, this 1131-albumin preparation was probably slightly denatured during isolation or radioiodination, or both.
Ability to prepare a biologically nondenatured I131-albumin is still an important problem (12, 15, 19) . Biological purification of a prepared material (47, 53, 54) is rarely, if ever, practical for the human subject, although the accomplishment of this has been reported in one instance (20) . Additional biological methods for detecting an approximate degree of denaturation of specific preparations have been devised (35, 45) . Assumption 2. All subjects continued normal daily activities but maintained as steady metabolic states as seemed possible, short of complete metabolic balance conditions. Serial weights and laboratory studies varied minimally. Proteinuria was not present. One subject developed an anal fissure with intermittently guaiac-positive stools, but fecal excretion was less than an acceptable maximum equivalent of 2 per cent (2) of the urinary activity for the corresponding day. There was no evidence of gastrointestinal bleeding in the other subjects. The fact that in 16 of the 20 studies, plasma activity approximated a constant fraction of the calculated total body activity after equilibrium (2) was further evidence that no major deviations from the steady state occurred. Alterations in this fraction would be induced by changes in the volume or mass of distribution, or by unmeasured losses of radioactivity. Inadequate urine collections in Subject 7 probably accounted for the change in this fraction. However, in Subjects 4A, 2A, and 2B, the changes could not be attributed to unmeasured urine losses; therefore, a slight deviation from the steady state was suspected.
Assumption 3. Maximal urinary radioactivity occurred on the day of isotope administration in all but four of these studies, suggesting a minimal lag in excretion of the 1131 after liberation from the protein molecule. It is known that approximately 84 per cent of intravenously administered Na'131 is excreted within 24 hours in subjects taking excess unlabeled iodide (2) . Further, recovery of radioactive iodide in athyroid individuals (55) , or in the presence of a thyroid blocking agent (20) , is complete within 3 days, indicating that there is no incorporation of liberated I131 into newly synthesized protein. Nevertheless, suggestions of a bodily radioiodine-trapping mechanism were reported by Lewallen and associates 1327 (20) . Accordingly, those authors added an extra compartment in their multicompartmental models to accommodate these observations. However, in the studies herein reported, 95.7 per cent of the injected radioactivity was excreted at infinite time, according to the calculation methods of Lewallen and co-workers; these are depicted for the present studies in Figure 12 and summarized in Table II . Since the most trivial cause of deviation from 100 per cent is incomplete urinary collection, it seems doubtful that there is any significant trapping in the present series, even considering that the calculations are based upon extrapolations. Similarly, these data on cumulative excretion provide no evidence for other important iodide excretory pathways, such as perspiration (56) .
Model configurations, albumin distribution and flow
Since albumin is distributed in a vast number of body compartments, current mathematical approaches to the kinetics of distribution require oversimplification of this complex system. Many of these approaches have incorporated undesirable suppositions. All of the analytic methods require the assumption that the albumin molecules are distributed rapidly and evenly within each assumed compartment. The validity of this has not yet been conclusively demonstrated. However, there is reasonable evidence to suggest that albumin is mixed rapidly within and distributed equally throughout the main portions of the plasma space of normal subjects (57) ; although mixing and distribution within tissue capillaries of individual organs undoubtedly vary in efficiency, averages for the total body indicate general rapidity. Furthermore, labeled proteins and large dextran molecules have been shown to be distributed equally throughout some extravascular compartments within hours after intravenous administration (58) (59) (60) (61) (62) . Although albumin may possibly be distributed widely within cells of many organs (63) , no specific comment can be made as to the uniformity of this distribution. A succinct review of the specific assumptions necessary for each of the four major mathematical approaches employed herein has been provided by Freeman and Matthews (9) . These are here reviewed briefly:
I. The extrapolation method assumes that subsequent to an early time of bodily equilibration, the mean specific activity of the extravascular pools equals at all times that in the plasma space. The fact that the calculation of the specific activity of the extravascular compartments from the data of Table I demonstrated it to be consistently higher after equilibrium than for the plasma (Figure 7 ) points out the limitations of this method [see also discussion by Lewallen and associates (20) ]. Nevertheless, as is evident from II. The equilibrium time method is relatively simple, and requires a study period of less than a week. The degradation compartments are assumed to have the same average specific activity as plasma. There must be no lag in urinary excretion of the metabolized albumin label. This method can be very troublesome in that it necessitates accurate estimation of the equilibrium time from the extravascular activity plot where the curvature is so gradual that it is very difficult to select accurately the point of maximal radioactivity (Figures 4 and 7) . In addition, the slight increases in urinary excretion rates usually found during the early days, because of rapid catabolism of denatured albumin, lend risk to any calculations from urinary data pertaining to this period.
III. The activity distribution ratio method likewise assumes that the plasma and degradation compartments have the same specific activities. However, it allows that the specific activity of the extravascular albumin remains higher than that in the plasma after equilibrium, a concept inferred by Figure 7 . For accuracy, frequent timed urine collections throughout the study period are imperative. A major advantage is that calculations are made from data that are independent of the effect of excessive early degradation resulting from use of slightly denatured albumin.
IV. Multicompartmental analysis. With this type of approach, the behavior of the labeled Il'l-ALBUMIN CATABOLISM AND DISTRIBUTION IN NORMAL MALES species is observed in several anatomical localities in the body as a function of time. Studies in the experimental animal (59, 70) support the concept of multiple extravascular volumes of distribution, in that labeled albumin of various extravascular sites exchanges with plasma at different rates. The location of the physiological extravascular compartments has not yet been precisely determined in man, although there is evidence (71, 72) that the viscera comprise a volume of rapid exchange, and that skin and muscle participate in relatively slow exchange. Whether certain of the extravascular volumes exchange directly with each other has not been determined.
It is assumed that the system is in a stationary state with respect to the properties studied and that linear relationships exist between the flows of radioactivity and the gradients of specific activity. If sampling were made in all compartments, then it would be possible to characterize the system uniquely, in terms of compartmental content and intercompartmental flows of the substance under investigation. Since the assumption of discontinuities of transfer rates, i.e., the compartmentalization, is often questionable, and since the number of compartments in biological systems usually greatly exceeds the number of sampling localities, it is probably not possible to characterize, such systems uniquely. Thus, multicompartmental analysis of biological systems can lead to approximations only. In most instances, the degree of approximation is not known, so that the results are of questionable validity, but in other instances, limited but useful information can be obtained by using some of the principles of the approach. Berman and Schoenfeld (73) have recently given a comprehensive discussion of the general charac of multicompartmental analysis and also devel d a new method for characterizing systems with insufficient data. This method may be of future value, but seems to suffer from the disadvantage that the physical requirement of nonnegative values of the flow constants may only be approximately realized in biological systems because of relatively large errors of the observations. Further discussion on the general problems of the use of mathematical models for interpretation of these types of experiments is provided by Cornfield, Steinfeld and Greenhouse (32) .
It became readily apparent that, for all the mathematical methods, accurate measurement of plasma volume is crucial, because upon it depend all values of total plasma radioactivity. The mean 131-albumin plasma volumes for large groups of normal subjects have been established (74, 75) . and the error of the method determined (76) . However, with two exceptions (74, 77) , there is a paucity of published data regarding the variability of serial plasma volumes determined with labeled albumin in normal subjects over long intervals. Care was taken in this study to avoid the recognizable errors (78, 79).
Discussion of results
One possible explanation for the slight negative slope of the U/P ratio is the presence of denatured I131-albumin molecules. Some of the published data graphs of previous investigators have likewise shown such slight negative slopes (7, 9, 16, 21) . It seems impossible to estimate the total degree of denaturation, or to determine whether this is in the form of a slight denaturation of all albumin molecules or is a series of populations having varying degrees of denaturation. Recently reported (35, 45) biological tests of I131-albumin denaturation should be of assistance in this connection.
The calculations of the cumulative urinary excretion of radioactivity at infinite time provide little evidence of a substantial 1131 "permanent" bodily trap (20) or nonurinary excretion route. Why this difference exists between the data presented here and those of Lewallen and associates (20) is unclear. Such a calculation probably provides a useful check upon the completeness of the urinary collections and the sufficiency of blockage of thyroidal uptake of 1131.
The representative models shown in Figure 9 are all compatible with the plasma data, in spite of the marked differences in physiological significance.
Model 6 is of especial interest because of previous work with it by Freeman and Matthews (9) and by Cohen, Freeman and McFarlane (15) . With respect to the catabolic rate for albumin, our data (Table III) (15) . With respect to pool sizes, the slowly exchanging extravascular pool (pool 3 of model 6 in Figure 9 ) was found from our data to be slightly larger, and the rapidly exchanging EV pool slightly smaller ( Figure 15) .
The principal sites of albumin catabolism are not precisely known. It has been recognized that degradation does occur in several bodily tissues (44-47, 49, 50) and that the relative amount degraded in each location may be influenced by denaturation (35, 47) . Recent studies indicate that an appreciable amount of the body's daily degradation occurs in the gastrointestinal lumen after leakage in digestive secretions (48, 51, 67, 80) ; after intraluminal breakdown, the I131 freed from labeled albumin should be promptly absorbed into the plasma space. The generated urinary curves from the models, which allow catabolism to occur within or in rapid exchange with the plasma compartments, are in much better agreement with the experimental data ( Figure 10 ) than are those from models wherein catabolism occurs primarily in extravascular spaces. The consistent discrepancy between the experimental and generated curves of Figure 10 is compatible with the fact that the U/P values very slowly decrease with time ( Figure 11 2. The apparent biological half-life of this I's'-albumin in these subjects, as determined from the plasma radioactivity disappearance curve, ranged from 12.7 to 18.2 days, with a mean of 14.8 days.
3. The ratio of the radioactivity in urine and plasma (U/P), expressed as a fraction of injected dose, showed a significant slight decrease with respect to time. 4 . The calculated fraction of the radioactivity recovered in the urine at infinite time averaged 95.7 per cent of the administered amount.
5. The amount of albumin catabolized daily averaged 16 to 18 g, as calculated by several methods. 6 . Distribution of exchangeable albumin between the extravascular and intravascular compartments of the body was examined in detail by each of four general mathematical methods-I) extrapolation, II) equilibrium time, III) activity distribution ratio, and IV) multicompartmental system analysis-for a number of three-compartment models. 7. The extravascular to intravascular (EV-IV) albumin mass ratios, calculated by the four methods, provided means ranging from 1.17 to 1.76. A statistical comparison of these data is presented.
8. The theoretical assumptions, advantages, and disadvantages of each of the four general methods of calculation are discussed.
9. The compatibility of fit of the experimental data to a number of multicompartmental models for describing albumin metabolism was tested. All models examined were based upon compatibility with the observed plasma data. The nearest compatibility with both the observed plasma and urinary data was found in only those models wherein catabolism occurs in, or in rapid exchange with, the plasma compartment.
10. The results are discussed with respect to possible biological nonhomogeneity of the labeled albumin preparation employed. 2) The milliliters of plasma removed per sample are then multiplied by the counts per minute per milliliter of plasma to calculate the total radioactivity removed in that sample.
3) Since each deficit is ultimately shared by the total volume of 1131-albumin distribution, the total radioactivity removed in each sample is divided by the total volume of distribution (2.5 X plasma volume, assuming an EV-IV albumin mass ratio of 1.5:1) to estimate the radioactivity deficit per milliliter. For the purposes of these corrections, it is assumed that this dilution is complete within 24 hours instead of the observed 48 to 96 hours. 4) To correct for the catabolism which the I31-albumin in the sample would have undergone had it remained in the body, the deficit in radioactivity was calculated as follows: An = Aie-X(n-i) where Ai = radioactivity (cpm per ml) removed by a given sample on day i, A. = corrected for Im-ALBUMIN CATABOLISM AND DISTRIBUTION IN NORMAL MALES catabolism to day n. Day i is equal to or greater than day 0 (day of isotope administration) but less than day n. X = 0.693/ti albumin (first approximation).
5) The total accumulative deficit D. on day n is the sum of the individual deficits, Ao + AI + A2 . . . A(,,), each resulting from radioactivity removed on days G, 1, 2 . . . (n -1) respectively, and each corrected for catabolism to day n: n-1 Dn = 2 Aie-x(n-0 int0
